Abstract Rhizomucor miehei lipase was immobilized in hydroxy(propylmethyl) cellulose or agar gels containing lecithin or AOT microemulsions. The effect of the diffusion of substrates and products to this catalyst was studied, as well as the effect of temperature on the initial rate of ester synthesis. The composition of the gel affects the reaction rate due to mass transport phenomena. The apparent activation energies were higher for the systems based on agar, independently of the microemulsion used, and lower for the systems based on AOT microemulsions, independently of the polymer used.
Introduction
Microemulsions are efficient media for achieving enzymatic esterifications (Fletcher et al. 1985; Rees and Robinson 1993; Oldfield 1994; as they can simultaneously solubilize hydrophilic, hydrophobic or amphiphilic molecules. Enzymes hosted in the aqueous core of water in oil microemulsions can maintain their catalytic activity and even favour achieving synthetic reactions instead of hydrolytic ones (Nascimento et al. 1992; Backlund et al. 1995; Rees et al. 1995) . However, microemulsions contain surfactants, which is a major barrier on applying many physicochemical techniques for efficiently separating and isolating the product as well as retrieving the catalyst.
To overcome this problem, microemulsion-based gels are suggested as alternative media for enzyme immobilization. These gels provide the advantage of a ''double'' immobilization of the enzyme, primary into the microemulsion droplets and secondly on the ''network'' of the gelling agent. They are stable in several organic polar or non-polar solvents (Delimitsou et al. 2002; Blattner et al. 2006) and are successfully used for esterification of fatty acids as well as phenolic acids with aliphatic alcohols (Delimitsou et al. 2002; Zoumpanioti et al. 2006) .
The enzyme-containing organogels are actually a solid catalyst which is used to catalyze reactants dissolved in organic solvents. Substrates present in the organic solution become available for reaction when they diffuse to the interior of the gel and come closer to the enzyme microenvironment (Rees et al. 1991) . So, in order to establish the organogels as appropriate media for enzymatic catalysis it must be clarified whether the diffusion of substrates and products into the catalyst is feasible or whether the energy that is needed in order to achieve the reaction is a barrier to the gel's use as a solid catalyst. In this respect, studying the effect of temperature on the enzyme kinetics can reveal useful information on the activation energy of the catalytic process.
Materials and methods

Materials
Lipase from Rhizomucor miehei was supplied by Fluka. Its specific activity was 2.3 U/mg of protein (1 U corresponds to the amount of enzyme which liberates 1 lmol butyric acid per min at pH 8.0 and 40°C using tributyrine as substrate). AOT, lecithin, containing 40% (w/w) phosphatidylcholine, and hydroxy(propylmethyl) cellulose (HPMC) were purchased from Sigma. All other reagents were of the highest commercially available purity.
Preparation of microemulsions and organogels AOT and lecithin microemulsions were prepared as described elsewhere (Delimitsou et al. 2002) . Lipasecontaining microemulsion-based organogels (MBGs) were prepared by adding appropriate amounts of lipase-containing microemulsion (0.2 mg lipase/ml of microemulsion) to a second solution of polymer in water (Delimitsou et al. 2002) .
Diffusion of substrates and products HPMC and agar organogels based on lecithin or AOT microemulsions were prepared in absence of enzyme and placed in sealed vials with 10 ml isooctane that already contained the reactant or ester in varied concentrations. At fixed time intervals 10 ll samples were withdrawn and directly analysed by gas chromatography.
Effect of incubation temperature on reaction kinetics
The determination of lipase activity was based on the measurement of the initial rate of lauric acid ester synthesis. Four millilitre HPMC MBG or 6.5 ml agar MBG were placed into a reaction vial. The reaction was initiated by adding 10 ml isooctane containing 1-propanol (100 mM) and lauric acid (100 mM). The reaction was held at the stated temperature and the conversion was monitored by GC .
Determination of activation energy
The activation energy (E a ) was determined using the Arrhenius equation:
where k is the rate constant of the reaction, A the Arrhenius pre-exponential factor, R the gas constant (1.987 cal K -1 mol -1 ) and T the absolute temperature (K).
Results and discussion
Diffusion of substrates and products
As the biocatalytic procedure involving MBGs is heterogeneous, it would be necessary to study the diffusion of the substrates and products to the biocatalyst that can limit the esterification rate. The diffusion of the substrates and products in the absence of enzyme, more specifically lauric acid, 1-heptanol and butyl laurate, were evaluated in agar and HPMC organogels based on AOT or lecithin microemulsions. Figure 1 shows that the concentration of 1-heptanol (in the absence of acid) and lauric acid (in the absence of alcohol) in the external solvent decreases until equilibrium is established between the alcohol/ acid in the gel and the alcohol/acid in the solvent. Equilibrium is reached for every initial concentration studied.
After equilibrium is settled, the concentration of the alcohol in the interior of the MBGs seems to be constant and equal to &4 mM in all cases of AOT MBGs, independently on the initial alcohol concentration. Although the percentage of alcohol that remains in the external solvent is different in each case (different initial alcohol concentrations), the amount of alcohol in the interior of the gel seams to be always the same (4 mM). In the case of lecithin MBGs the alcohol concentration in the interior of the gel after the equilibrium is settled is also constant but lower (1.5-2 mM). This indicates that the surfactant used for the formation of the MBG influences the structure of the organogel produced.
The acid concentration in the interior of the gel after equilibrium is settled is also constant and close to 4 mM. Moreover, the study of the diffusion of butyl laurate in HPMC gels based on various microemulsions (data not shown) indicates that when the gels get in contact with the organic solvent, the concentration of the ester in the organic solvent decreases by 20% and further increases so that the equilibrium is quickly settled. In all MBGs studied, the amount of ester that remains in the external organic solvent after the equilibrium is 97-99% of its initial concentration.
The structure of the MBG permits the diffusion of the substrates as well as the products, since the ester-after equilibrium is settled-remains in a high ratio outside the MBG. Therefore, the structure of the MBGs does not provide a barrier for the reactants to enter the catalyst, nor keep the product inside; hence, they can be considered as appropriate media for esterification reactions of fatty acids with aliphatic alcohols.
During a biocatalytic synthesis we can assume that the alcohol concentration achieved in the interior of the gel remains constant, except for the case of a too high reaction rate where the slower diffusion cannot set the equilibrium concentration so quickly. The concentration of the substrates into the gel tends to zero since as soon as they reach the enzyme they are instantly converted. In this case the kinetic procedure is therefore diffusion limited. On the other hand, if the synthesis takes place with a lower rate, then there is enough time for the equilibrium concentration in the interior of the catalyst to settle, and the synthesis is limited by the reaction rate. This study is fundamental for all the conversion reactions that involve diffusion of substrates or products at least in one stage of the procedure.
Effect of incubation temperature on reaction kinetics
The activity of R. miehei lipase immobilized in agar and HPMC MBGs towards the esterification reaction of lauric acid with 1-propanol was monitored as a function of incubation temperature. The reaction was initiated by addition of the lipase-containing MBG in the reaction solution which had been pre-equilibrated to the desired temperature.
For HPMC-lecithin MBGs, increasing temperature from 20 to 65°C, results in increase of reaction's initial rate from 0.9 to 1.8 mM/min (Fig. 2) . However, in the case of HPMC-AOT MBGs, the increase of temperature from 20 to 60°C increases the reaction rate only from 0.2 to 0.3 mM/min. In both cases, no loss of lipase activity was observed within this range of temperatures. Similarly, when lipase is immobilized in agar MBGs with a lecithin microemulsion, the increase of temperature leads to an important increase of the reaction rate whereas, for agar MBGs with an AOT microemulsion the increase is significantly lower. However, for agar organogels a loss of lipase activity can be observed at higher temperatures, which is not the case for the analogue HPMC organogels.
For lecithin MBGs (Fig. 2) , an increase of the incubation temperature leads to important increase of the reaction's initial rate for both, HPMC and agar. The fact that the reaction rate depends strongly on the temperature, suggests that the conversion rate is controlled by the reaction steps, rather than the mass transport phenomena of the diffusion of the substrates in the interior of the catalyst. On the other hand, when the MBGs are based on AOT, only a lower increase of the reaction rate can be monitored upon increase of temperature. Consequently, in AOT MBGs the reaction rate is limited by mass transport phenomena and not by the reaction steps. Therefore, the microemulsion used for gel preparation affects the structure of the gel and influences the reaction rate, with AOT limiting the diffusion of the substrates to the catalyst more strongly than lecithin.
When the lipase is immobilized in HPMC gels it retains its activity through all the temperatures studied (Fig. 2) , independently of the microemulsion used. However, in the case of agar MBGs the enzyme loses its activity above 50°C, either partly (20% loss in respect to the maximum activity observed for lecithin-agar gels) or completely (100% loss for AOT-agar gels). It should be mentioned here that all the gels studied were stable even at 65°C, without noticing any change in their structure. Therefore, the loss of activity is probably due to enzyme deactivation and not gel destruction. So, when the lipase is immobilized in HPMC gels it is better protected.
Activation energy
Enzymes are biocatalysts that lower the activation energy (E a ) that is required to convert the substrates to products. In aqueous solutions E a is an intrinsic feature of the enzyme itself (Jenta et al. 1997) . However, immobilizing the enzyme, diffusion may become rate limiting and the reaction may switch from kinetic to diffusion controlled resulting in a change in the measured apparent E a . Therefore, we determined the activation energy for lipase catalyzed propyl laurate synthesis in HPMC and agar MBGs. The Arrhenius plot for synthesis in HPMC-lecithin gel using R. miehei lipase is shown in Fig. 3 . The apparent activation energy was calculated for all the gel systems described above (Table 1 ). The calculated apparent activation energy values vary from 8 to 35, depending on the composition of the system used.
For the agar gels the apparent activation energy calculated appeared to be higher than the activation a Reaction conditions: 1-propanol = 100 mM; lauric acid = 100 mM; isooctane as solvent (10 ml); R. miehei concentration 0.06 mg/g gel energy calculated for the HPMC organogels (Table 1) . This implies that in HPMC gels the esterification reaction studied has a lower energy threshold, than in the case of agar organogels. The type of microemulsion used for gel preparation can affect the activation energy of the synthetic reaction, as for both, agar and HPMC MBGs, when lecithin microemulsion is used the activation energy appears to be higher as compared to the one for respective AOT MBGs. This is in agreement with the results of the diffusion study and the temperature effect study presented above. Finally, it should be noticed that when Candida antarctica lipase was immobilized in the same systems (data not shown), the esterification's activation energy was identical when the enzyme immobilization medium was a HPMC-AOT MBG, as in the case of R. miehei lipase. This indicates that mass transport influences the rate of reaction in this system. This is in good agreement with the results of the study for temperature influence on reaction rate presented above. The order of magnitude of the activation energies calculated for all systems studied in this work was similar to that measured by Hedström et al. (2001) for C. antarctica lipase immobilized in organogels. Moreover, the activation energies for MBGs were lower than those calculated for enzymatic reactions in microemulsions in accordance to Biasutti et al. (2008) .
Conclusions
We can assume that both HPMC and agar organogels can be considered as appropriate media for esterification reactions of fatty acids with aliphatic alcohols since the diffusion study has revealed that the structure of the organogels does not provide a barrier for the substrates to enter the catalyst, or keeping the product in it. When the microemulsion used for gel preparation contains lecithin, the esterification rate is kinetically controlled. On the other hand, when the microemulsion used contains AOT the esterification rate is limited by the laws of diffusion, independently of the gelling agent. HPMC organogels provide a lower energy threshold for the esterification reaction compared to agar organogels, for both lecithin and AOT microemulsions. Respectively, AOT microemulsion leads to lower energy threshold compared to lecithin microemulsion, for both HPMC and agar organogels. The order of magnitude of the activation energy calculated for all systems permits their use as media for achieving enzymatic catalysis.
